Forty-six strains of Japanese encephalitis (JE) virus from a ovariety of geographic areas in Asia were examined by primer-extension sequencing of the RNA template. A 240 nucleotide sequence from the pre-M gene region was selected for study because it provided sufficient information for determining genetic relationships among the virus isolates. Using 12 % divergence as a cutoff point for virus relationships, the 46 isolates fell into three distinct genotypic groups. One genotypic group consisted of JE virus isolates from northern Thailand and Cambodia. A second group was composed of isolates from southern Thailand, Malaysia, Sarawak and Indonesia. The remainder of the isolates, from Japan, China, Taiwan, the Philippines, Sri Lanka, India and Nepal, made up a third group. The implications of these findings in relation to the epidemiology of JE are discussed. Results of this study demonstrate that the comparison of short nucleotide sequences can provide insight into JE virus evolution, transmission and, possibly, pathogenesis.
Introduction
Japanese encephalitis (JE) virus is a major cause of human encephalitis in Asia. Clinical cases of JE have been reported from at least 16 countries in eastern and southern Asia (reviewed by Burke & Leake, 1988) . Up to 50000 cases are estimated to occur annually; 25% of these are fatal and 50% result in permanent neurological or psychiatric injury.
Two distinct patterns of JE virus transmission have been observed, epidemic and endemic. In general, the disease is epidemic in temperate regions of Asia and endemic in tropical regions (Burke & Leake, 1988) . The reason(s) for these two distinct patterns is unknown, but one possible explanation is that there are regional differences in virulence among JE virus strains. Antigenic and biochemical differences between JE virus isolates have been demonstrated by several techniques, including cross-neutralization (Banerjee, 1986) , oligonucleotide fingerprinting of virion RNA (Hori et al., 1986; Banerjee & Ranadive, 1989) and reactivity with mouse monoclonal antibodies (Hasegawa, 1982; Kimura-Kuroda & Yasui, 1983; Kobayashi et al., 1984) .
In order to confirm and clarify these reported differences among JE virus strains, we examined 46 virus isolates from various sources and localities in Asia by primer-extension sequencing. The results corroborate that there are genomic differences between JE virus strains and that these genetic variants circulate in specific geographic regions of Asia. This method has allowed us to classify these viruses into genotypic groups.
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Methods
Viruses. The 46 JE virus isolates included in this study are listed in Table 1 , and were obtained from a number of different sources and had various passage histories. Fig. 1 shows the approximate geographic location of the site of virus isolations. The JaOArS982 virus strain, which has been completely sequenced by Sumiyoshi et al. (1987) , was used as a reference for sequence comparisons. The identity of all other JE virus strains included in this study was confirmed by an indirect fluorescent antibody test, using a JE-specific monoclonal antibody provided by Dr P. W. Mason, Yale Arbovirus Research Unit, Yale University, Conn., U.S.A. Stocks of each virus were prepared in monolayer cultures of Aedes albopictus (C6/36) cells (Igarashi, 1978) .
Infection of cells. C6/36 cells were grown at 28 °C in spinner bottles containing Eagle's MEM with Earle's salts, with 10% heat-inactivated (60 °C for 20 rain) foetal bovine serum, 0-2 mmol non-essential amino acids, 26.7 mM-NaHCO3, 200 mM-L-glutamine, penicillin (250 units/ml), streptomycin (200 ~tg/ml) and amphotericin (2 ~g/ml). The suspension cultures of mosquito cells were infected with 10 ml of seed virus (m.o.i. < 1 p.f.u.). Virus was harvested from the culture medium 3 days post-infection by centrifugation of the suspension at 10000 r.p.m, for 10 min.
Virus purification and RNA extraction. Following removal of cell debris by centrifugation, virions were precipitated from the supernatant by adding 7% polyethylene glycol 8000 and 2-3~ sodium chloride and this mixture was stirred overnight at 4 ~C. The following day, the mixture was centrifuged at 10000 r.p.m, for 10 min. The precipitate was resuspended in 9 ml of TS buffer (50 mM-Tris-HCl, 50 mM-NaC1 pH 7.8) and centrifuged at 10000 r.p.m, for 10 rain. The supernatant was layered onto 1 ml of a solution containing 30 % sucrose, 1 M-NaC1, 20 mM-Tris-acetate pH 8-5 and 0.1% gelatin. After centrifugation (40000 r.p.m, at 4 °C for 3 h), RNA was extracted from the purified virions as described previously by Rico-Hesse et al. (1987) .
Primer-extension sequencing and the dendrogram of sequence similarity. JE virus RNA sequences were determined using the dideoxynucleotide chain-termination method (Sanger et al., 1977; Biggin et al., 1983) , modified for RNA templates (Zimmern & Kaesberg, 1978) , by extension of a synthetic DNA primer with reverse transcriptase as described previously (Rico-Hesse et aL, 1987) . Two primers were used to obtain the JE virus RNA sequence information: M-98, a 17-mer, 5' GTGTCCTCACACATGTA Y, which binds to the centre of the pre-M gene (map site 603 to 619; Sumiyoshi et al., 1987) and M-99, a 17-mer, 5" TTGGAATGCCTGGTCCG 3", which binds to the 3" end of the pre-M gene (map site 723 to 739; Sumiyoshi et al., 1987) . The rationale behind the selection of a specific region of the genome for comparison has been described previously (Rico-Hesse, 1990) . Briefly, different regions of the genome, encoding portions of the E, M, NS-1 and pre-M proteins, were surveyed for nucleotide differences among five JE virus strains. The pre-M sequences showed the highest number of third position or silent nucleotide differences, thus implying that this region is free of selective pressures that might obscure long-term evolutionary relationships among strains. Sequence information on 240 nucleotides (map numbers 456 to 695) from each JE virus strain were compared to all other strains for similarity. By pairwise alignment and statistical comparison of nucleotide differences, a dendrogram of virus relationships was generated by the NUCLDIFF computer program described previously (Rico-Hesse, 1990 
Results
Nucleotide sequences of a portion of the pre-M region were obtained from 46 JE virus isolates. Each sequence was compared with the corresponding published sequence of the JaOArS982 reference strain (Fig. 2) . Over the sequence of 240 nucleotides, the 45 JE virus isolates differed from JaOArS982 by between five (2~) and 39 (16~) nucleotides. All observed differences were base substitutions, with viruses clustering into distinct groups, according to the mutations fixed at specific sites. Most of the nucleotide changes in the strains studied here did not alter the encoded amino acids (Fig. 3) ; that is, most of the nucleotide differences were silent. One JE virus strain from Vietnam (VN-118) was identical to the JaOArS982 strain, and 23 other strains shared >/98 amino acid identity with the reference strain. Many of the amino acid changes were observed in more than two isolates. For example, 33 of the 46 isolates encoded threonine (T) instead of tyrosine (Y), which is present in JaOArS982, at amino acid position 124.
The nucleotide sequences of two samples, JE (2-8) and SA-14, of the same JE virus were compared to determine whether sequence changes occurred with serial passage. JE virus strain SA-14 was originally isolated from a pool of mosquitoes in north-west China in 1960 (Table 1) . The sample of SA-14 used in our study had been passaged 14 times by intracerebral inoculation in newborn mice and three times in C6/36 cells. The JE (2-8) vaccine strain was derived from the SA-14 strain by 100 serial passages in baby hamster kidney cells, treatment with u.v. light and five passages in newborn mice; finally, it was cloned three times in primary chick embryo cells (Chen& Beaty, 1982) . The resultant virus, which has been tested in China as a candidate vaccine, has markedly reduced virulence for newborn mice and reduced infectivity for mosquitoes compared to the SA-14 parental strain (Chen & Beaty, 1982) . Despite its extensive passage history and attenuation, the JE (2-8) strain differed by only a single nucleotide from its parent virus (SA-14) over the 240 nucleotide sequence studied (Fig. 2 ). This finding indicated that the region of the genome which we were studying was not significantly modified by growth in vitro. In addition, the host source of the virus isolates did not have any effect on the nucleotide sequences of this area of the genome.
The nucleotide sequence similarity dendrogram (Fig.  4 ) revealed the genetic relationship among these 46 JE virus isolates. The percentage of divergence between any two strains is double the distance along the horizontal axis to the node that connects them. For example, the percentage difference between the Nakayama and JaOArS982 strains is 2 × 2-7-~ 5(Y/o). JE virus isolates from adjacent geographic regions and from the same time period showed the greatest nucleotide sequence similarities. The maximum divergence over the 240 nucleotide sequence of the 46 strains was 15.6~.
In the dendrogram, we defined a JE virus genotypic group as virus isolates showing no more than 12~ genomic divergence within the nucleotide interval 456 to 695 (pre-M gene region). The limit for demarcating a genotypic group is arbitrary; the 12~ limit used in this study allowed us to distinguish the major clusters which would be expected to be related epidemiologically (Fig.  4) . The top cluster included strains from north Thailand and Cambodia. The Cambodian strains were isolated in 1967 and were distinct when compared to recent virus isolates from Thailand (Fig. 3) . Strains from southern Thailand, Malaysia, Sarawak and Indonesia formed a second genotypic group. The majority of the JE virus strains included in our study were from temperate regions of Asia; they formed the third genotypic group. It was also observed that strains originating from northern latitudes (third genotypic group) were similar to each other (1> 92~ identical) and were distinct from strains from southern latitudes (first and second genotypic groups) (see Fig. 1 also) . JE virus strains from India and Japan fell into two distinct clusters within the third genotypic group; thus, substantial genetic diversity can be seen in isolates from the same country. Although additional genotypes of JE virus undoubtedly exist in nature, further sampling should not affect the qualitative interpretation of our results. ., 1984) . In most of the previous studies of genetic variation, comparisons were made between JE virus strains isolated within a single country (i.e. Japan) or between strains isolated from two distinct geographic regions (i.e. Japan and Thailand, or Japan and India). In general, the results have shown strain variation among JE virus isolates from different time periods and from widely separated geographic locations. In the present study, we examined 46 JE virus strains from a much wider geographic region and representing a 52-year time span. Our results confirm those of earlier studies and indicate that JE virus isolates from the same geographic region and time period are very similar, but that genetic variation occurs among strains from diverse regions or from different time periods in the same region. These findings indicate that JE virus is continuously evolving in nature.
As mentioned previously, two distinct patterns of JE virus activity have been observed. In Japan, Taiwan, China, the maritime provinces of the Soviet Union, North and South Korea, Vietnam, northern Thailand, Burma, Nepal, Sri Lanka and India, epidemic activity has been reported (Burke & Leake, 1988) . In most of these regions, virus activity is seasonal and a significant number of JE cases occur annually. In contrast, in areas such as Malaysia, Indonesia, southern Thailand and the Philippines, endemic virus activity and substantial human infection have been demonstrated, yet the reported incidence of JE cases is relatively low (Fukunaga et al., 1974). One explanation for these two distinct patterns of virus activity is that there are regional differences in virulence among JE virus strains. Although the results of this study tell us nothing about the virulence of the viruses examined, they do indicate that there are significant genetic differences among virus strains circulating in the epidemic and endemic regions. For example, JE virus strains from southern Thailand, Malaysia, Sarawak and Indonesia (areas representing the endemic zone) formed a distinct cluster and were genetically different from the other JE virus isolates examined. Most of the latter virus strains, which fell into two distinct genotypic clusters, were isolated in areas of epidemic JE virus activity. The only exception was the pig isolate (PhAn 1242) from the Philippines; this geographic region is generally regarded to be in the zone of endemic JE activity. One of the major unanswered questions about the epidemiology of JE is how the virus is maintained in temperate regions such as Japan, Korea and northern China. One hypothesis is that the virus is maintained locally in mosquitoes (overwintering adults or transovarially infected eggs) or in hibernating vertebrates (Rosen, 1986; Takashima et al., 1988 ). An alternative explanation is that the virus is re-introduced annually by migrating birds or bats from tropical regions of Asia. The results of our studies indicate that the JE virus strains from Japan, China and Taiwan are genetically distinct from the virus isolates from tropical areas of southern Asia (Thailand, Cambodia, Malaysia, Sarawak, Indone-sia and the Philippines). JE virus isolates from different years in the same country (i.e. Japan and Taiwan) are genetically similar to each other, suggesting that these viruses probably are maintained locally by one or more of the aforementioned overwintering mechanisms.
